Abstract UV Raman spectroscopy has been demonstrated to be a powerful technique in catalysis because it can avoid the fluorescence interference occurring in visible Raman spectroscopy and concurrently enhance the Raman scattering intensity owing to the short wavelength of the excitation laser and resonance Raman effect. This article briefly reviews the recent advances in the study on heterogeneous catalysis by UV Raman spectroscopy, including the identification of isolated transition metal ions in molecular sieves, in situ study of zeolite assembly mechanisms and catalytic reaction mechanisms, and the monitoring of the surface phase transformation of metal oxide photocatalysts. UV (resonance) Raman spectroscopy, with the power of resonance enhancement for Raman signal and the advantage of high sensitivity for surface structure, coupling with in situ methodology, can provide the information about the active sites/phase and their assembling mechanisms, which are helpful for the understanding of heterogeneous catalysis and the rational design of highly active and selective catalysts.
Introduction
Heterogeneous catalysis has been playing a great role in chemical processes [1] [2] [3] . However, the characterization of catalytic active sites and the understanding of catalytic active sites remain challenging [4, 5] . Over the past decades, numerous techniques have been developed and used for the study of heterogeneous catalysis [6] [7] [8] [9] [10] [11] [12] [13] . For example, Weckhuysen et al. [14] have monitored in situ phase changes in a complex iron-based Fisher-Tropsch catalyst and the nature and location of produced carbon species by scanning transmission X-ray microscopy, opening new opportunities for nanometer-resolution imaging of a range of important chemical processes occurring on solids in gaseous or liquid environments; Baiker et al. [15, 16] have systematically examined the catalytic solid/liquid interfaces using attenuated total reflection Fourier transform infrared spectroscopy, the kinetics of complex reactions can be followed by quantifying the concentration of reactants and products simultaneously in a non-destructive way with the in situ technique. With the development of experimental devices for in situ solid state NMR measurements, NMR spectroscopy has been widely used for the study of the adsorption of reactants on active sites, the identification of reaction intermediates and products, and the elucidation of reaction mechanisms of heterogeneous catalysts nowadays [17, 18] .
Among the characterization techniques, Raman spectroscopy is considered to be a powerful tool for the study of heterogeneous catalysis. It can provide the chemical structure information about both the solid catalyst and the surface species in a single measurement [19, 20] . The wide spectral range (50-4,000 cm -1 ) and high spectral resolution (*1 cm -1 ) enable Raman spectroscopy to identify the crystalline phase of solid, determine the structure of surface amorphous phase and examine the nature of molecular species. In spite of this, conventional Raman spectroscopy with visible laser as the excitation source often fails to work in solid catalyst characterization due to the strong fluorescence interference caused by impurities, organic species and defect sites [21] [22] [23] .
One efficient way to avoid fluorescence interference could be time-gating methods [24] , including either pulsegating or optical Kerr-gating. Because the lifetime for Raman process (10 -11 -10 -13 s) is much shorter than that for fluorescence process (usually 10 -6 -10 -9 s), Raman and fluorescence signals can be well separated by the timegating methods using a picosecond pulsed excitation laser and a synchronized, gated detector (and Kerr-medium for Kerr-gating). However, the drawbacks of these methods are also prominent: the potential for sample destruction caused by the very short pulse laser with high peak power; the limitation to excitation lines in the visible to near IR region [24] .
As the fluorescence is produced mainly from the transition from the first excited electronic state to the vibrational states of ground electronic state, fluorescence band primarily appears in the range from 300 to 700 nm or the longer wavelength region, and it doesn't change with the variation of excitation wavelength. However, Raman signal shifts as the excitation line shifts. Therefore, the fluorescence interference could be avoided by shifting the excitation wavelength from the visible region to the IR or UV region [25] as shown in Fig. 1a . In the 1980s, the development of FT Raman spectroscopy and UV Raman spectroscopy has dramatically increased the utility and applicability of Raman spectroscopy [26] [27] [28] [29] . FT Raman spectroscopy using near IR laser as the excitation line has the advantage to increase the spectral S/N with a Michelson interferometer as the light dispersion system. However, FT Raman measurements are problematic with samples at elevated temperatures because of the background arising from sample luminescence [23] and the Raman intensity is relatively low due to the scattering law inversely proportional to the fourth power of excitation wavelength. The shortcomings limit its application in heterogeneous catalysis.
The situation is different for UV Raman spectroscopy, besides the avoidance of fluorescence interference, the sensitivity is remarkably improved owing to the short wavelength of the excitation laser. Figure 1b shows the Raman spectra of AlPO 4 -5 excited at 532, 325, and 244 nm. The spectrum excited at 532 nm is dominated by fluorescence. When the excitation line shifts to 325 nm, Raman signal with a weak fluorescence background can be collected. Further more, Raman spectrum of AlPO 4 -5 with no fluorescence background and high quality can be obtained with 244 nm excitation. The example clearly reflects the advantages of UV Raman spectroscopy, no fluorescence interference and high sensitivity. Since the electronic transition of chemical compounds are usually located in the UV region, the other advantage of UV Raman spectroscopy is that resonance Raman spectroscopic study can be carried out for many samples. The intensity of Raman scattering is proportional to |a qr | 2 , and the polarizability (a qr ) can be expressed by the Kramers-Heisenberg equation [30] ,
In the equation, t 0 is the frequency of excitation laser, DE ri stands for the energy difference between the two electronic states r and i, while state f is the first excited vibrational energy level. When the laser line (ht 0 ) is close to an electronic transition (DE ri ), the polarizability (a qr ) would be greatly increased. As a result, the cross section of Raman scattering could be considerably enhanced, and Raman intensity can be increased by several orders of magnitude owing to the resonance Raman effect (Fig. 1c) . Since Raman bands associated with different components can be selectively enhanced by excitation at different laser lines according to their electronic transitions, UV resonance Raman spectroscopy is particularly powerful in characterizing the complex solid catalysts in heterogeneous catalysis [24, 25] .
In the feature article, we briefly review the recent advances in UV Raman spectroscopic characterization of catalysts and catalytic active sites in our group, including the characterization of transition metal-containing catalytic materials, the synthesis mechanism of zeolites, and the study on the phase transformation of metal oxide photocatalysts. The information obtained by UV Raman spectroscopy is beneficial for the understanding of heterogeneous catalysis.
UV Raman Spectroscopic Characterization of Transition Metal-Containing Catalytic Materials
The isomorphous substitution of the silicon and aluminum in microporous and mesoporous materials with transition metal elements is one of the most effective ways to modify the physicochemical properties of microporous and mesoporous materials [31] . Transition metal-containing microporous and mesoporous materials such as TS-1, Ti-MCM-41 and Fe-ZSM-5 have been successfully used in a number of catalytic oxidation processes [32] [33] [34] [35] . The catalytic performance of these transition metal-containing materials depends largely on their composition and structure. A deep understanding of the active sites and the formation mechanism in these materials is helpful for the development of catalysts with high selectivity and activity [36, 37] . However, due to the low concentration of transition metal ions (\2 %), it is difficult to obtain definite information on the transition metal ions in these materials [31] , such as their coordination environments and distributions. Since there is usually a UV charge transfer transition between the framework oxygen ion and the framework transition metal ion, e.g. 220 nm for TS-1, 250 nm for Fe-ZSM-5, and 280 nm for V-MCM-41 ( Fig. 2a ) [25] , UV resonance Raman spectroscopy is considered as a powerful technique for the characterization of transition-metal containing materials. The information about transition metal species can be selectively enhanced and obtained by UV resonance Raman spectroscopy. Figure 2b shows the Raman spectra of silicalite-1 and TS-1 excited at different laser lines. With the charge transfer transition of TS-1 at 220 nm excited by the 244 nm laser, three new bands at 490, 530, and 1125 cm -1 are observed in the UV Raman spectrum of TS-1 excited at 244 nm. None of these bands is clearly observed in the Raman spectra excited at 325 and 488 nm due to the low concentration of titanium ion and non-resonance excitation. There is no doubt that the appearance of these bands are associated with framework titanium but not with silicalite-1 [38] . The three resonance-enhanced Raman bands are attributed to a local unit of [Ti(OSi) 4 ] in TS-1, denoted by Ti-O-Si. The bands at 490 and 530 cm -1 are assigned to the bending and symmetric stretching vibration of the framework Ti-O-Si species, respectively, while the band at 1,125 cm -1 is ascribed to the asymmetric stretching vibration of Ti-O-Si [36, 39] . Similar phenomenon was observed for iron-containing microporous material Fe-ZSM-5 ( become considerably weaker when it is excited at 325 nm and the three Raman bands almost disappear once the excitation line shifts to 532 nm. Notably, the band at 1,016 cm -1 is observed regardless of excitation line. Periodic DFT calculation indicates that the resonanceenhanced bands at 516 and 1,115 cm -1 are attributed to the symmetric and asymmetric stretching vibrations of the framework Fe-O-Si species in tetrahedral coordination, and the resonance Raman band at 1,165 cm -1 is ascribed to the asymmetric stretching vibrations of the framework Fe-O-Si, driven by the stretching of four neighboring framework Si-O-Si bonds, while the non-resonance Raman band at 1,016 cm -1 is associated with the vibration of Si-O-Si bond near framework iron [40] . Therefore, the framework titanium and iron species with low content was unambiguously identified by UV resonance Raman spectroscopy [38] [39] [40] [41] .
Besides the microporous materials, the titanium and ironcontaining mesoporous materials were also studied by UV resonance Raman spectroscopy excited at 244 nm [42, 43] .
Ti-MCM-41 shows a resonance-enhanced Raman band at 1,110 cm -1 , which is 15 cm -1 lower than that of TS-1 ( Fig.  3) . Similarly, the resonance Raman band at 1,090 cm -1 for Fe-SBA-15 is also lower than that at 1,115 cm -1 for Fe-ZSM-5 ( Fig. 3 ). The differences in wavenumber indicate the differences in coordination environments of metal ions in the two kinds of materials. The metal ions in microporous materials are fixed in the rigid framework sites, while that in mesoporous materials are relatively flexible. When the coordination environment becomes much more flexible, the resonance Raman band for Ti/SiO 2 shifts to 1,085 cm -1 , which is 25 cm -1 lower than that of Ti-MCM-41 ( Fig.  3 ) [44] . Therefore, the wavenumber of resonance-enhanced Raman band can be used as a figure of merit in assessing the coordination environment of metal ion in microporous and mesoporous materials and to discuss the structure-performance relationship [12] .
UV Raman Spectroscopic Study on the Synthesis Mechanism of Zeolites
Although numerous zeolites (e.g. Fe-ZSM-5, X zeolite) have been successfully synthesized and used in chemical processes [31, 35] , understanding the formation mechanism of zeolite is still all-important for the rational design and synthesis of new zeolites. Several assembly mechanisms have been proposed by scientists since the 1960s [45] , including the growth from soluble and pre-assembled units [46] [47] [48] , the autocatalytic nucleation [49, 50] and solidliquid interfacial nucleation mechanism [51, 52] etc. However, it's very difficult to study the detailed formation mechanism of zeolite due to the extreme complexity of hydrothermal crystallization [51] . Most studies were carried out by ex situ techniques, namely, the hydrothermal reaction is quenched for sample analysis. This may cause dramatic and undeterminable structural changes. In situ characterization under working conditions is an ideal method to monitor the entire process of zeolite synthesis. However, the exploration of in situ characterization for zeolite synthesis is relatively lacking [53] . Due to the low Raman scattering cross section of water, Raman spectroscopy is considered as a suitable technique to in situ study the synthesis mechanism of zeolite under hydrothermal condition. Raman spectroscopy can provide the information on the nucleation and crystal growth in the synthesis process, especially the information about the evolution of species in the early stage, which is crucial for the understanding of zeolite assembly mechanism [54, 55] . The power of in situ visible Raman spectroscopy has been demonstrated by Weckhuysen and co-workers in studying the synthesis mechanism of aluminophosphate molecular sieves [56, 57] . However, visible Raman spectroscopy often fails to work due to the strong fluorescence interference caused by template decomposition under hydrothermal condition. As mention above, UV Raman spectroscopy can address this problem very well, and the sensitivity can be obviously improved, especially under the condition of resonance excitation. These advantages make UV Raman spectroscopy an excellent technique to in situ study the synthesis mechanism of molecular sieves [58] [59] [60] [61] and investigate the assembly mechanism of transition metal-containing zeolites [62] since the information about transition metal ion is hard to obtain due to the low concentration of transition metal ion incorporated into zeolite framework [63, 64] . UV Raman spectroscopy with the excitation lines at 325 and 244 nm were used to study the synthesis mechanism of Fe-ZSM-5 (Fig. 4a, b) . As for the initial precursor, the Raman bands assigned to five-, six-membered silicate rings and Fe(OSi) 4 species are observed in the UV Raman spectra. Upon hydrothermal treatment, a weaker Raman band at 378 cm -1 attributed to the MFI structure is detected in the 325 nm excited Raman spectra of the sample hydrothermalized for 6 h. Such a band appears much later when the excitation line is at 244 nm. Beside, the Raman band at 983 cm -1 associated with the Fe(OSi) 4 species in flexible coordination gradually becomes sharp and shifts to a higher frequency with the synthesis time increasing. However, the hypsochromic shift rate of the band at 983 cm -1 becomes much slower when the Fig. 2 a Charge transfer transition between oxygen and transition metal ions in the framework of molecular sieves; b Raman spectra of TS-1 and silicalite-1 excited at 244, 325 and 488 nm [38, 39] ; c Raman spectra of Fe-ZSM-5 and ZSM-5 excited at 244, 325, and 532 nm [40] UV Raman Spectroscopic Characterization 471 excitation line shifts from 325 to 244 nm. Since all the samples at various crystallization stages show strong absorption below 300 nm, UV Raman spectroscopy excited with 244 nm laser provides the information mainly from the surface region while that excited with 325 nm laser provides the information mainly from the bulk of sample particles (Fig. 4c) . These results definitely suggest that the formation of Fe-ZSM-5 structure is initiated at the core of sample particles, then the crystallization develops from inside to outside, which was also confirmed by HRTEM.
Therefore, we proposed the synthesis mechanism of Fe-ZSM-5 shown in Fig. 4c [62] . Although the assembly mechanism of faujasite zeolite from ring units has been studied by numerous techniques, such as NMR and Raman spectroscopy [65, 66] , the detailed chemical connection of the ring units remains unclear. Besides, the relevance between the species in solution and the nature of solid phases should be further addressed. To gain a deeper understanding of the formation mechanisms of zeolite X and other molecular sieves, we [62] have developed in situ UV Raman spectroscopy to observe the hydrothermal reactions directly [58] [59] [60] .
With the home-made in situ UV Raman cells with different depth (Fig. 5a ) [58] , both the solid and liquid phase under hydrothermal conditions were investigated. The liquid phase during the synthesis process of zeolite X is dominated by monomeric silicate species with the characteristic Raman bands at 774 and 920 cm -1 [65] . While the initial gel is composed of four-membered rings and a small amount of branched derivatives, with the featured Raman bands at 500 and 575 cm -1 [58, 67] , respectively (Fig. 5b ). These bands show very different behaviors in the intensity as a function of time (Fig. 5c ). In the early stage of hydrothermal process, the band at 774 cm -1 becomes strong due to the depolymerization of amorphous precursors into monomeric silicate species. While the intensity of the band continuously decreases in the late stage due to the continuous consumption of monomeric silicate species for the construction of zeolite X framework. As for the band at 500 cm -1 , with the hydrothermal synthesis proceeding, it gradually becomes prominent and gradually shifts to a higher wavenumber at 514 cm -1 . Different from the band at 500 cm -1 , the band at 575 cm -1 becomes weak with increasing crystallization. Interestingly, the band disappears when the characteristic bands at 298, 380 and 514 cm -1 associated with the framework of zeolite X appear [54] . These results indicates that four-membered rings and a small amount of branched derivatives are the main species in the early stage of nucleation and the branched derivative is a key intermediate for the formation of zeolite X.
Based on the in situ Raman results, we proposed the assembly mechanism of zeolite X with new intermediate species [58] , and the assembly mechanism is schematically shown in Fig. 5d. 
In situ (UV) Raman Spectroscopic Characterization of Catalytic Active Sites and Study of Reaction Mechanisms
As a highly active and selective catalyst, TS-1 has been widely used in a number of oxidation reactions with H 2 O 2 as oxidant under mild conditions [32, 33, 37] . However, there are still many issues under debate, such as what's the exact nature of the active site [36, 37, 68, 69] and the reaction pathways [70] [71] [72] [73] . Recently, we have conducted a thorough investigation of the active titanium species in TS-1 zeolite [74] . Besides the framework titanium species identified by UV Raman spectroscopy excited at 244 nm, another titanium species with octahedral coordination (TiO 6 ) was confirmed by UV Raman spectroscopy with the excitation line at 266 nm (Fig. 6a) . And the roles of two titanium species in the propylene epoxidation reaction were studied by in situ UV Raman spectroscopy excited at 325 nm (Fig. 6b) . Both two kinds of titanium species can react with H 2 O 2 to form the g 2 side-on Ti-peroxo species Fig. 5 a A with the characteristic band at 615 cm -1 , which is the active intermediate for the epoxidation of propylene [75] . Propylene oxide was detected after interaction with propylene, however, the 1,2-propanediol byproduct was also observed for the catalyst with ''TiO 6 '' species. Notably, the Raman band at 1,125 cm -1 attributed to ''TiO 4 '' species recovers after the catalytic cycle, while the Raman band at 695 cm -1 attributed to ''TiO 6 '' species is not recovered. This can be explained that the ''TiO 6 '' species could be deactivated by the diol byproduct. Therefore, we proposed the possible pathway during the propylene oxidation on the two kinds of active centers (Fig. 6c) [74] . The finding of TiO 6 species is significant not only for the reveal of the mechanism of side reaction, but also for the improvement of framework titanium amount. Recently, we have increased the concentration of the framework titanium in TS-1 zeolite by a factor of 1.5 by lowering the pH value of the synthesis gel [76] .
Fe/ZSM-5 catalysts have attracted much attention because of their unique properties in oxidative dehydrogenation of alkanes [77] , selective catalytic reduction of NO x with ammonia [78] and direct catalytic N 2 O decomposition [35, 79] . More interestingly, with N 2 O as the oxidant, the ''a-oxygen'' species can be formed on the Fe/ ZSM-5 catalysts, which shows high activity and selectivity in the hydroxylation of methane to methanol and benzene to phenol at room temperature [80] . However, due to the complexity of iron species in Fe/ZSM-5, there are still many controversies in the peculiar active sites and the property of a-oxygen. Different iron species (e.g., mononuclear [81, 82] , binuclear Fe sites [83, 84] , oligo-nuclear Fe clusters [85, 86] ) have been proposed to be the active sites for N 2 O decomposition and different transition states of oxygen species (e.g., peroxide [87, 88] , superoxides [87, 88] , O-*-O species [89] ) during N 2 O decomposition on Fe/ZSM-5 have been proposed based on kinetic and calculation methods. Although Mössbauer and ESR spectroscopy have been used for the study of peculiar active sites [90, 91] , direct spectroscopic evidence about the nature of the active sites and the transition-state oxygen species during N 2 O decomposition are absent, especially under working conditions. Over the past years, in situ resonance Raman spectroscopy has been used to study the peculiar active sites and the property of a-oxygen in iron containing zeolites and the catalytic mechanisms by our group (Fig. 7a) [92] .
As for the Fe/ZSM-5 catalyst, after the high-temperature pretreated sample exposed to N 2 O at 523 K, the Raman band at 867 cm -1 assigned to the peroxo species bridged on a binuclear iron site [92] [93] [94] is observed in the resonance Raman spectrum excited at 605 nm. The active oxygen species can react with benzene at room temperature, with three characteristic Raman bands at 643, 896, and 1,228 cm -1 associated with Fe(III)-phenolate [95, 96] observed. Based on these results, we proposed a possible reaction pathway of N 2 O decomposition and benzene to phenol shown in Fig. 7b [88] . Besides, the effect of extraframework aluminum/gallium [97] [98] [99] , the promotional effect of NO [100] and the inhibiting effect of H 2 O on N 2 O decomposition over Fe/ZSM-5 catalyst [101] were well studied by our group with the in situ resonance Raman spectroscopy.
Recently, we have further investigated the structure of active iron site and active oxygen species in Fe/ZSM-35 material by in situ resonance Raman spectroscopy combined with Mössbauer spectroscopy and DFT calculations [102] . The active iron site in Fe/ZSM-35 for N 2 O decomposition is an Fe 2 (l-O) site, characterized by a Raman band at 875 cm -1 [102] . Different from the peroxo species formed on Fe/ZSM-5 catalyst, the Fe 2 (l-O) 2 site with the Fig. 6 a Two kinds of titanium species characterized by UV resonance Raman spectroscopy; b In situ UV Raman cell for characterizing the propylene epoxidation reaction; c The proposed pathway during the propylene oxidation on the two kinds of active centers [74] featured Raman band at 730 cm -1 is formed on Fe/ZSM-35 catalyst upon N 2 O reacting with the Fe 2 (l-O) site (Fig. 7c) [61, 102] . The result indicates that the topology of iron containing zeolite has a great influence on the active center and then affects the catalytic performance.
UV Raman Spectroscopic Study on the Phase Transformation of Metal Oxides
It's known that polymorphism is a common phenomenon for most metal oxides. Due to the difference in microstructure, different crystalline phases show the large differences in the physical and chemical properties, such as the catalytic performance [103] [104] [105] . As catalytic reactions take place on the surface of metal oxide catalysts, catalytic performance is closely related to the surface phase structure of catalyst. However, it's difficult to characterize their surface phase structures clearly since most techniques are bulk region sensitive. For example, XRD is a bulk sensitive technique due to the long-ranged characteristic of diffraction. HRTEM can provide the structural information from the surface region, but it has the limitations of inconvenience and one-sidedness. In the study of phase transformation of ZrO 2 material, we have found that UV Raman spectroscopy is a surface region sensitive technique for the system with strong absorption in the UV region [106, 107] .
Over the past years, we have studied the phase transformation of TiO 2 and Ga 2 O 3 photocatalytic materials by UV Raman spectroscopy and investigated the relationship between the surface phase and photocatalytic performance [104, [108] [109] [110] [111] [112] . Compared with visible Raman spectroscopy excited with 532 nm laser, UV Raman spectroscopy excited with 325 nm laser mainly provides the information from the surface region of TiO 2 material due to the strong absorption of anatase and rutile TiO 2 at 325 nm (Fig. 8a) . Visible Raman spectroscopic characterization indicates that a small amount of anatase phase is transformed into rutile phase when the sample is calcined at 823 K and the phase transformation is accomplished when the calcination temperature is at or above 1,023 K (Fig. 8b) . However, UV Raman spectroscopic characterization indicates that no rutile phase is formed until the calcined temperature is elevated to 973 K and the anatase phase is completely transformed into rutile phase only for the sample calcined at 1,073 K (Fig. 8c) . The disagreements between UV and visible Raman spectroscopy suggest that the crystalline phase in the surface region is usually different from that in Fig. 7 a In situ Raman cell for gas-solid reaction; b A schematic description of the reaction pathway of N 2 O decomposition and benzene to phenol on Fe/ZSM-5 at room temperature; c The structure and corresponding Raman band of active oxygen species on Fe/ ZSM-5 and Fe/ZSM-35 [92, 102] UV Raman Spectroscopic Characterization 475 the bulk during the phase transformation of TiO 2 material. Based on the above results, we proposed that the phase transformation of agglomerated TiO 2 with the size in 15-40 nm from anatase to rutile starts in the bulk and then develops to the surface of agglomerated particles (Fig. 8d ) [108] . Besides, we have investigated the effect of nanoparticle size on the outer/inner phase transformation of TiO 2 material by UV Raman spectroscopy [109] . Particle size is found to be the critical parameter determining the onset transition temperature and nucleation performance. The transformation temperature increases with the increase of initial particle size. Rutile nucleates at the interfaces of contacting anatase grains with the size smaller than 60 nm, while the free surface, interface, and bulk are all likely to work as rutile nucleation sites for particles larger than 60 nm.
Due to the excellent photocatalytic performance of TiO 2 material, photocatalytic H 2 evolution reaction were performed on the above-mentioned TiO 2 samples with different bulk and surface crystalline phases [104] . Interestingly, the TiO 2 samples calcined at 973-1,023 K with both phases exposed on the surface exhibit the highest photocatalytic activity no matter the activity is normalized by specific surface area or not (Fig. 9a) . Thus, the highest photocatalytic activity of the samples calcined at 973-1,023 K may be attributed to the formation of the surface phase junctions between anatase nanoparticles and rutile particles.
The opinion was demonstrated by fabrication of the surface anatase-rutile phase junction on rutile TiO 2 particles with a wet-impregnation method. Figure 9b shows the UV Raman spectra of TiO 2 (A)/TiO 2 (R)-n samples excited at 325 nm. With a small amount of anatase loaded on the surface of rutile TiO 2 , the TiO 2 (A)/TiO 2 (R)-1 and -2 samples show much higher photocatalytic activities than pure rutile TiO 2 (Fig. 9c) . And the photocatalytic activity of TiO 2 (A)/TiO 2 (R)-3 sample is about four times greater than that of pure rutile TiO 2 . This enormous increase in photocatalytic activity can be attributed to the formation of the surface anatase-rutile phase junction. As the amount of loaded anatase further increases, the photocatalytic activity of TiO 2 (A)/TiO 2 (R)-4 sample is decreased somewhat because the surface of rutile TiO 2 may be fully covered by anatase nanoparticles, which decreases the amount of anatase-rutile phase junction exposed on the surface of TiO 2 particle. Therefore, we proposed the concept that the photocatalytic activity can be enhanced by the surface phase junction of semiconductor catalysts [104] . Recently, our time-resolved IR spectroscopic study indicates that the electron is transferred from anatase to rutile in the TiO 2 sample with the surface anatase-rutile phase junction [113] , which may be responsible for the enhancement of photocatalytic activity.
Besides in photocatalytic H 2 evolution, such a concept was furthered confirmed in photocatalytic overall water splitting over Ga 2 O 3 photocatalysts [112] . Ga 2 O 3 is a polymorphous material with five kinds of crystalline phases Fig. 8 a UV- [108] (a, b, c, d, and e phases) [114] and has been reported to exhibit the photocatalytic activity on overall water splitting [115] . We investigated the a to b phase transformation of Ga 2 O 3 material by UV Raman spectroscopy with the excitation lines at 266 and 325 nm (Fig. 10a, b) and XRD technique [111] . Different from that of TiO 2 , the phase transformation of Ga 2 O 3 from a phase to b phase starts at the surface and then develops to the bulk of single particles. Photocatalytic overall water splitting reaction was performed on the different phase-structured Ga 2 O 3 -based photocatalysts, and the photocatalytic activities are shown in Fig. 10c . All of the photocatalysts can stoichiometrically split water into H 2 and O 2 . The Ga 2 O 3 sample calcined at 863 K with both a and b phases exposed on the surface shows the highest photocatalytic overall water splitting activity, which is three or seven-fold greater than that of aGa 2 O 3 or b-Ga 2 O 3 alone, respectively. While the photocatalytic activity of mechanically mixed a-Ga 2 O 3 and bGa 2 O 3 samples is nearly equal to the simple sum of the activities of a-Ga 2 O 3 and b-Ga 2 O 3 alone. Thus, it is only the surface a-b phase junction formed between two different phases that is responsible for the remarkable enhancement in the photocatalytic activity for overall water splitting.
Notably, although the a-b phase junction is formed for Ga 2 O 3 sample calcined at 903 K, it shows photocatalytic activity nearly as low as that of b-Ga 2 O 3 . This can be explained by the situation that only the b phase is exposed on the surface of Ga 2 O 3 sample calcined at 903 K with the a/b core/shell structure and the a-b phase junction doesn't work. The results suggest that the presence of the a-b phase junction and the exposure of both phases on the surface are essential for the enhancement of photocatalytic activity, which is also demonstrated by our recent study on the ZnGa 2 O 4 -b-Ga 2 O 3 heterojunction [116] . The analysis of band structure indicates that the a-b phase junction exhibits type-II band alignment, which is favorable for charge separation. An ultrafast transfer at approximately 3 ps is detected for the Ga 2 O 3 sample with the surface a-b phase junction by transient absorption spectroscopy, which means a much more efficient charge separation due to the existence of surface a-b phase junction [112] . In a word, the surface phase structure of metal oxide can be well determined by UV Raman spectroscopy and the proposed concept that the photocatalytic activity can be enhanced by surface phase-junction will open new strategies for the development of efficient photocatalysts for overall water splitting, as well as photoelectronic devices.
As the above examples demonstrated, UV Raman spectroscopy is indeed a very powerful technique for the characterization of catalysts and catalytic active sites. Nowadays, UV Raman spectroscopy with the excitation line continuously-tunable in the UV region and deep UV Raman spectroscopy with the excitation line down to Fig. 9 a Photocatalytic H 2 evolution activity on TiO 2 samples calcined at different temperatures normalized by specific surface area; b UV Raman spectra of TiO 2 (A)/ TiO 2 (R)-n samples excited at 325 nm; c Photocatalytic H 2 evolution activity on TiO 2 (A)/ TiO 2 (R)-n samples with increasing amount of anatase phase on the surface of rutile TiO 2 . The anatase contents estimated from XRD and UV Raman spectroscopy for TiO 2 (A)/TiO 2 (R)-n samples are also displayed [104] 177.3 nm have been developed by Peter Stair et al. [24, 117] and our group [118, 119] , which is necessary for UV and deep UV resonance Raman spectroscopic study in catalysis. And the primary results show the advantages of these techniques. Since the active centers in catalysis often possess the dimension feature of nanometer to atomic scale, imaging catalysts at working condition has attracted much attention nowadays [120, 121] . As a powerful technique, Raman imaging has been used for the preparation and characterization of catalysts [122] [123] [124] . However, the spatial resolution is still too low owing to the diffraction limit. One way to overcome this limit is to use an apertureless near-field scanning optical microscope (ANSOM), for which the spatial resolution can be down to several tens of nanometers [125] . Since the sensitivity of UV Raman spectroscopy is much higher than that of visible Raman spectroscopy, it would be better to develop UV-ANSOMRaman spectroscopy for catalyst imaging. To establish the structure-activity/selectivity relationship, operando spectroscopy based on Raman spectroscopy has been developed, allowing monitoring of catalytic systems with simultaneous on-line product analysis under actual reaction conditions [126] [127] [128] [129] [130] [131] . However, the excitation line mostly in the visible region limits its applications due to the fluorescence interference and low sensitivity. As mentioned above, these problems can be well addressed by UV Raman spectroscopy. Therefore, it's significant to develop operando spectroscopy based on UV Raman spectroscopy, which may make great breakthroughs in the study of heterogeneous catalysis. Fig. 10 [111, 112] 2 Conclusion
Due to the avoidance of fluorescence interference and the improvement of sensitivity, UV Raman spectroscopy has greatly broadened the application of Raman spectroscopy in heterogeneous catalysis. Isolated transition metal species in the framework of molecular sieves can be identified by UV resonance Raman spectroscopy, even at very low concentration. The coordination surroundings of framework transition metal ions in microporous and mesoporous materials can be sensitively detected by UV resonance Raman spectroscopy. The crystallization process of zeolite has been successfully studied by in situ UV Raman spectroscopy, which can sensitively monitor the evolution of precursors and intermediates during the synthesis under working conditions. The reaction mechanisms have been well studied by in situ (UV) Raman spectroscopy, with the interaction information between catalyst and reactant provided. Besides, the surface phase structure of metal oxides can be clearly determined by UV Raman spectroscopy, on this basis, the concept that photocatalytic activity can be enhanced by surface phase junction of semiconductor catalysts was proposed. Undoubtedly, the knowledge obtained from UV Raman spectroscopy will deepen our understanding of catalysis and guide the rational design and synthesis of novel catalytic materials.
